Iodide, in the form of potassium or sodium iodide, is widely used as an expectorant for patients with viscid sputum. The iodides are thought to act by increasing the volume of aqueous secretions from bronchial glands (1) . This mechanism for the effect of iodides probably plays an important role, but an additional mechanism whereby iodides may act to thin viscid respiratory secretions was demonstrated during a study of the proteolytic enzyme systems of purulent sputum.
Purulent sputum contains a number of proteolytic enzymes, probably derived from leukocytes (2) (3) (4) . These proteases, however, are ineffective in causing hydrolysis of the native protein in purulent sputum and do not appear to contribute significantly to the spontaneous liquefaction of these purulent secretions. On the other hand, these intrinsic proteases are capable of causing proteolysis after the exudative protein is separated from deoxyribonucleic acid (DNA) by the action of deoxyribonuclease (DNase) or high concentrations of sodium chloride (5) .
During these studies an attempt was made to evaluate the effectiveness of various salts for inducing proteolysis in purulent sputum, ostensibly by liberating protein from nucleoprotein complexes. Sodium iodide was found to induce more rapid proteolysis than any other salt tested, but
we were able to demonstrate that the mechanism did not primarily involve the dissolution of nucleoprotein complexes. In addition, iodinated tyrosine and thyronine compounds were found to *Submitted for publication October have even greater proteolysis-inducing activities than inorganic iodide.
Methods
Source of sputum specimens. Purulent sputa were obtained from 17 patients with cystic fibrosis and from 22 with other types of pulmonary problems (Table VIII) .
Two specimens of pus were obtained and studied in a similar fashion. The sputa were collected in glass jars kept in the patients' home freezers at approximately -100 C over a 2-to 5-day period and then were kept frozen at -200 C up to 3 weeks. Sputa collected from hospitalized patients were frozen after a 4-hour collection period.
Preparation of sputum homogenates. Individual sputum specimens were homogenized in distilled water with a Potter-Elvehjem homogenizer to form 10% (wet weight to volume) homogenates. The 10% homogenates were diluted further in some experiments. In certain experiments fresh sediments were prepared by centrifugation 1 of the 10% aqueous sputum homogenates at 30,000 g X 15 minutes at 00 C. The supernatant fluids were decanted, and the sediments were washed where indicated by resuspension to the initial volume followed by recentrifugation.
Assay of proteolysis. Proteolysis was determined routinely by measuring the liberation of trichloroacetic acid (TCA) -soluble protein fragments by the FolinCiocalteu (F-C) test. The 10% homogenate of sputum and the reagent whose proteolysis-stimulating effect was being tested were both adjusted to the appropriate pH (see below) with 0.1 N NaOH or HCl, before being mixed in equal volumes. The mixture was then incubated in duplicate in a 370 C water bath. Two-ml samples were removed at suitable intervals, added to 4.0 ml 16% TCA, and centrifuged at 30,000 g for 15 minutes.
The supernatant fractions (2.0 ml) were mixed with 4.0 ml of 1 N NaOH in colorimetric cuvettes, and 1.0 ml of F-C reagent (diluted 1: 3 with distilled water) was added to each cuvette and mixed immediately. Exactly 5 minutes later the absorbance was measured on a Coleman Junior spectrophotometer at 675 mjA against a reagent blank. Proteolysis is expressed as the optical density developed in a given period of incubation. A similar proteolytic assay utilizing F-C reagent was used with extraneous protein substrates such as casein, hemoglobin, gelatin, and albumin.
Three other methods for detecting proteolysis were utilized to confirm the observation of iodide-induced proteolysis. The first of these methods assayed the tyrosine content of the TCA-insoluble sediment, instead of the supernatant fluid, with the F-C reagent as follows: After centrifugation of the TCA mixture, the sediment was washed once with 10%o TCA, then dissolved in a volume of 1 N NaOH equal to that of the initial TCA mixture. Two ml of the dissolved sediment was then mixed with 4.0 ml 1 N NaOH and finally with 1.0 ml of the F-C reagent; the absorbance was measured on the spectrophotometer at 675 mgi against a reagent blank.
In a second supplementary method of assaying proteolysis, the absorbance of the TCA-supernatant fluid was measured directly with a Beckman DU spectrophotometer at 280 mgt against a water blank.
The third supplementary method for assaying proteolysis involved the assay of alpha-amino nitrogen with Ninhydrin according to the method of Moore and Stein (6) . A 0.2-ml sample of the TCA-supernatant fluid was mixed with 1.3 ml of 0.1 N NaOH (to adjust to pH 5.0) and with 2.0 ml of the Ninhydrin solution. The mixture was heated in a boiling water bath for 20 minutes, followed by the addition of 15 ml of diluent (a 50: 50 mixture of n-propanol with water) and vigorous shaking for 1 minute. The mixture was poured into colorimeter tubes and the absorbance determined against a reagent blank at 570 my on a Coleman Junior spectrophotometer.
Preparation of iodinated tyrosine and thyronine solutionzs. The study were difficult to dissolve in neutral buffer solutions.
The following procedure was used routinely for preparing 25.0 ml of such solutions in 0.05 M, pH 7.5 sodium phosphate buffer. The iodine compound was weighed and then dissolved in 2.0 ml of 0.1 N NaOH. Fifteen ml of distilled water and 2.5 ml 0.5 M, pH 7.5 sodium phosphate buffer were then added, and the mixture was brought to pH 7.5 with 0.1 N HCl while being stirred constantly. The volume was adjusted to 25.0 ml with distilled water. Reagents. Reagent grade chemicals were used. Soybean-trypsin inhibitor (5X crystalline) 2 L-3,5-diiodothyronine and its analogues, L-3,5-diiodotyrosine, D-3,5-diiodotyrosine, L-3,5-dibromotyrosine, and tyrosine; 3 L-3,3',5-triiodothyronine, L-thyroxine, D-thyroxine, L-3-monoiodotyrosine, and DL-3,5-diiodothyronine; 4 deoxyribonuclease (1X crystallized) ; 5 and trypsin (2X crystalline)2 were obtained commercially.
Results
The experimental data to be described were obtained from experiments with individual sputum specimens, but each experiment was repeated with sputa obtained from at least four other individuals. The absolute proteolytic activity varied from pa- tient to patient (4), but the qualitative results described below were characteristic of all specimens examined.
Effect of various electrolytes Figure 1 shows the rates of proteolysis at pH 7.5 in 5% sputum homogenates in the presence of various 1 M salt solutions or urea or with distilled water as a control. Sodium iodide (or potassium iodide) caused a higher rate of proteolysis than that resulting from any of the other electrolytes tested, although the other halogens, namely, chloride, bromide, and fluoride, also caused some proteolysis. Sodium thiocyanate induced only minimal proteolysis. The effect of sodium cyanide or 1- ._C 4An 370 C urea was insignificant and did not differ appreciably from the control.
A difference between iodide-and chloride-induced proteolysis was demonstrated by the experiment shown in Figure 2 . The proteolysis resulting from the action of DNase (1.0 mg DNase + 5.0 ml sputum homogenate + 5.0 ml 0.05 M sodium phosphate buffer, pH 7.5) appeared to be complete by the end of a 3-hour incubation period (Figure 2 ). At this time an equal volume of 2 M NaCl was aded to one portion of the reactant mixture, and 2 M Nal was added to another portion of the mixture. The addition of NaCl did not result in further proteolysis, but the addition of NaI renewed the proteolytic action. Figure 3 . An optimum between pH 7.0 and 7.5 was demonstrated. At pH values above 9.0 the high electrolyte concentrations caused hydrolysis that is nonenzymatic, as was previously observed with NaCl (5) . (Table I) .
Optimal concentration of sodium iodide
Various concentrations of sodium iodide were tested with a sputum homogenate to determine the effect of iodide concentration upon the induction of proteolysis. Two types of sputum preparations were used for this experiment: (A) a routine sputum preparation that had not been heated before the experiment and (B) another portion of the same sputum homogenate that had been heated at 650 C for 1 hour to destroy the "heat-labile" protease. As can be seen in Figure 6 , iodide caused more proteolysis in the unheated sputum during 0.276 enate * SBTI powder (7.0 mg) was mixed with samples (1.5 ml) of unheated and of 65°C-heated sputum homogenates and allowed to stand at room temperature for 20 minutes. NaI (1.5 ml of 2 M NaI in 0.05 M sodium phosphate buffer, pH 7.5) was added to these samples and to samples of the same sputum homogenate lacking SBTI. The mixtures were incubated at 370 C and assayed for proteolysis with Folin-Ciocalteu (F-C) reagent as described under methods. Spontaneous proteolysis was measured in a mixture of 1.5 ml sputum homogenate with 1.5 ml, 0.05 M, pH 7 (Table II) . Spontaneous proteolysis was also measurable during this prolonged incubation but did not equal that occurring in the presence of NaI.
Effect of iodinated tyrosine and thyronine compounds
Various iodinated tyrosine and thyronine compounds were tested for their ability to induce proteolysis in purulent sputum. Figure 7 shows the level of proteolysis induced by these compounds at different molar concentrations during a 1-hour incubation period. At 0.5 M concentration, the most active compounds, di-and triiodothyronine and monoiodotyrosine (MIT), produced approximately 3 times as much proteolysis as sodium iodide. Tetraiodothyronine (thyroxine) and diiodotyrosine (DIT) were also more active than sodium iodide, but less active than monoiodotyrosine or di-and triiodothyronine. Analogues of diiodothyronine, in which the alanine chain is replaced by propionic, formic, or acetic acids, were much less effective than the thyronine compound and showed no greater proteolysis-inducing action than did sodium iodide. Iodoacetamide, an inhibitor of many enzymes, promoted proteolysis in sputum similar to sodium iodide.
Tyrosine itself had no proteolysis-inducing action, and substitution of bromide ion for iodide on the tyrosine did not allow proteolysis to proceed ( Figure 8) .
Optimal concentration. The graphs in Figure 7 demonstrate that 0.005 to 0.0005 M concentrations of the iodinated tyrosine and thyronine compounds induced proteolysis equal to that resulting from 0.5 M sodium iodide. Further increases in concentration of these organic compounds promoted even higher rates of proteolysis (Figure 7 ), but this was shown to be dependent upon the concentration of sputum being used as substrate ( Figure  9) .
A series of dilutions of heat-inactivated (800 C for 1 hour) sputum (Figure 9 ), indicating that substrate was present in excess. Importance of the stereochemical structure of iodinated tyrosine and thyronine. Figure 10 (Table III) . When Substrate specificity for enhanced proteolysis weith DIT DIT was tested for its effect upon the activities of sputum protease, trypsin, and chymotrypsin with substrates other than the sputum itself. Casein, denatured hemoglobin, gelatin, and human crystalline albumin (1 % concentrations) were used as substrates (Table IV) . The data show that 0.005 M DIT has no activating or inhibitory effect upon these proteases with these other substrates, but that DIT does allow proteolysis of sputum protein. We have also observed that the autolysis of trypsin and chymotrypsin is enhanced by the presence of DIT, necessitating the inclusion of blanks containing only the enzyme and DIT. Appropriate blanks were also needed when the sputum protease was studied with other substrates, since the 0.5 ml of sputum homogenate used as enzyme was also readily hydrolyzed in the presence of DIT.
Effect of DIT upon boiled sputum substrate
A 10%o sputum homogenate in distilled water was placed in a boiling water bath for 30 minutes and was then tested for a) the presence of a trypsin inhibitor and b) the influence of DIT on tryptic digestion of the boiled sputum. The purpose of this experiment was to determine whether or not the enhancement of proteolysis in sputum by DIT could be due to the inactivation of a protease inhibitor by DIT.
One-half ml samples of trypsin (0.2 mg per ml) were mixed with 0.5-ml samples of the boiled sputum homogenate and incubated at room temperature for 30 minutes before the addition of 5.0 ml of 1% casein (in 0.05 M sodium phosphate buffer, pH 7.5). The mixture was incubated at The TCA-supernatant fluids and sediments were then subjected to the various assays as described under methods. t The slightly higher TCA-supernatant fluid OD and lower TCA-sediment OD, as compared to that seen with spontaneous proteolysis, is due to the immediate nonenzymatic release of a small amount of acid-soluble material by the NaI.
* Sodium iodide and TCA react to form a compound that absorbs at 280 mjs and is associated with a yellow discoloration of the solution. A blank containing only TCA and NaI gives an absorbance of slightly greater than 1.0 OD, but the absorbance increases with time. For this reason the measurement of absorbance at 280 mix is a poor method for measuring proteolysis in the presence of Nal. The reaction of Nal with TCA did not affect the Folin-Ciocalteu (F-C) color development, however. § The initial high OD is due to the added DIT and to the immediate nonenzymatic release of a small amount of acid-soluble material by the DIT. This effect is apparently more marked on the absorbance at 280 m/A than on the intensity of the F-C reaction, because of the greater slope of the absorbance: concentration curve at 280 miA.
370 C and sampled at 15-and 30-minute intervals. Comparison to a similar preparation utilizing distilled water instead of boiled sputum homogenate revealed that the sputum did not inhibit trypsin activity (Table V) . When the boiled sputum homogenate was used as substrate for trypsin (0.2 mg per ml final concentration), it resisted proteolysis completely in the absence of DIT but was hydrolyzed by trypsin in the presence of 0.005 M DIT (Table  VI) .
Since trypsin-inhibitory activity could not be demonstrated in the boiled sputum preparation, and since DIT can induce tryptic proteolysis of the boiled sputum, this action of DIT probably is not dependent upon the removal of a protease inhibitor.
Other methods of assay Data obtained from four different methods for assaying proteolysis are shown in Table VII . All four methods showed minimal spontaneous proteolysis in a 10% homogenate of purulent sputum during a 2-hour incubation, but all the assay Reproducibility of the DIT effect on proteolysis in purulent sputa
Forty-two specimens of purulent sputum and two samples of pus were prepared as 10% homogenates in distilled water. Each specimen was assayed with 0.01 M N-acetyl-L-tyrosine ethyl ester (ATEE) substrate as an estimate of protease content (4). Samples (2.5 ml) of each homogenate were then mixed with equal volumes of 0.05 M sodium phosphate buffer, pH 7.5, to measure spontaneous proteolysis, or with 0.01 M DIT in the buffer at pH 7.5, and incubated at 370 C. At intervals of 0, 30, 60, and 120 minutes, 1.0-ml samples were removed and mixed with 2.0 ml 16% TCA. The TCA-supernatant fluid was then tested for the degree of proteolysis with the F-C reagent.
DIT-induced proteolysis was linear with time. Table VIII contains the data for spontaneous proteolysis as compared with DIT-induced proteolysis for the 1-hour incubation period. The specimens are listed in the order of increasing activity with ATEE substrate. None of the specimens showed any appreciable spontaneous proteolysis during the 1-hour incubation, but all of them showed enhanced proteolysis in the presence of 0.005 M DIT. The DIT-induced proteolysis was roughly proportional in rate to the hydrolysis of ATEE by the sputum specimens, up to an ATEE hydrolytic activity corresponding to 25 U. Sputa that contained higher levels of ATEE hydrolytic activity did not demonstrate further increases in DIT-induced proteolysis because of the limiting concentration of DIT ( Figure 9 ).
Discussion
In the past it has been thought that iodides act to thin purulent respiratory secretions simply by increasing the volume of aqueous secretion from the bronchial glands. However, our experiments suggest that iodides may have a more specific role and that they liquefy purulent secretions by inducing the enzymatic hydrolysis of protein. This action of iodides requires the presence of a proteolytic enzyme: either inherent leukocytic proteases or an added protease such as trypsin. Since the reaction is enzymatic, inhibition of the enzyme prevents proteolysis.
Although the data demonstrate optimal proteolysis at a concentration of 1 M sodium iodide, considerable proteolysis was apparent at 0.005 M (Table II and Figure 7) . Even lower concentrations may be clinically effective, since the amount of proteolysis that must take place to reduce the viscosity of sputum is very slight compared to the levels of proteolysis attained under optimal it vitro conditions. For example, we have demonstrated effective liquefaction of whole purulent sputum by the addition of trypsin (7), although the level of measurable proteolysis resulting from tryptic activity is minimal.
The mechanism whereby iodides induce proteolysis does not appear to depend upon the dissociation of nucleoprotein complexes and thus differs from the manner in which deoxyribonuclease and high NaCl concentrations act. The reaction is substrate specific in that proteolysis of some protein substrates other than sputum, such as casein, albumin, hemoglobin, and gelatin, was not affected by the iodides. In addition, this effect of iodides is not enzyme specific, since the action of trypsin and chymotrypsin upon a heated sputum preparation (lacking inherent protease activity) was also enhanced by the iodides. The iodides appear to act by altering the potential protein substrate in sputum so that it is more readily hydrolyzed by proteolytic enzymes. The nature of this protein substrate and the changes caused by the iodides is under study. The splitting of glycoproteins, analogous to the splitting of nucleoproteins by DNase, is suggested to be the mechanism whereby iodides induce proteolysis.
The naturally occurring iodinated thyroidal compounds were much more effective for initiating proteolysis in a homogenate of purulent sputum than were the inorganic iodides. Lower concentrations of these natural compounds were required, and faster rates of proteolysis resulted. It is possible that the reaction is specific for iodinated tyrosine or thyronine and that inorganic iodide must first form iodinated amino acids to have an effect. In the absence of iodination, on the other hand, the parent amino acid (tyrosine) lacked this activity, as did brominated tyrosine. The action of the organic iodine compounds appeared to result from a stoichiometric reaction between the compound and sputum protein, with either the organic iodine compound or the sputum protein being the limiting factor in determining the rate of proteolysis when the other was present in excess.
Use of both dextro-and levoisomers of the iodinated thyronine and tyrosine compounds suggests that some of the substrate affected by the iodides is intracellular. The levorotatory compounds were consistently more effective than the dextrorotatory compounds, but these differences were eliminated by disrupting the cells contained in the sputum preparation.
These observations raise the question of whether thyroxine and its precursors directly affect proteolysis in vivo in cellular metabolism. Evidence that thyroid hormone influences enzymatic activity has long been sought, but very few such reactions have been found to be affected by thyroxine in vitro (8, 9) . Barker has shown such an effect in carbohydrate oxidation (10) , but the effect lacked specificity since it could be produced by metabolically inactive analogues of thyroxine. The test system employed by Barker, however, was essentially a cell-free system, and possibly ini vivo specificity of thyroid hormone depends upon its ability to cross the cell membrane. In our experiments no difference between the D and L compounds was observed when a cell-free system was used, but a definite advantage of the metabolically active L compounds over the D isomers was apparent when cells were contained in the system. However, the reaction is not completely specific for metabolically active compounds, since iodinated tyrosines (MIT and DIT), thought to be metabolically inactive, similarly enhance proteolysis in sputum. Other metabolically inactive analogues of thyroxine (diiodothyropropionic, -acetic, and -formic acids) are much less active than iodinated thyronine and tyrosine, suggesting some selective advantage for the thyroidal hormones. The order of effectiveness of the organic iodides for inducing proteolysis (diiodothyronine triiodothyronine > monoiodotyrosine > thyroxine = diiodotyrosine) is not correlated with the metabolic activity li vivo. The difference between the metabolic effect in vivo anid the proteolyticellhancing effect in vitro 1may (depend upon differences in penetration of viable cells by the iodinated compounds.
The lowest concentration of DIT or L-thyroxine that enhanced proteolysis measurably in our system was 5 uM. This is approximately two orders higher than is likely to occur in tissues. However, factors of time and local concentrations (of hormone, proteolytic enzyme, and of specific sensitive substrates) may provide suitable conditions for physiologic effects.
As a result of these studies, certain historical observations concerning the use of iodides appear to have a scientific basis. The use of iodides for dissolving syphilitic gummas, and the fear of using iodides in tuberculosis because of the possibility of breaking down tubercles and spreading the infection, could both be related to the proteolytic action resulting from iodides in exudates. In 1915, Jobling and Petersen (11) investigated the action of iodides on necrotic material and concluded that iodides acted to soften tubercles and syphilitic gummas by causing a general reduction in antitryptic activity, thereby allowing the proteolytic breakdown of the caseous material. These early studies closely parallel our own, but we found no evidence for the implication of a protease inhibitor. Indeed, we have demonstrated that boiled sputum lacks an inhibitor of trypsin, but nevertheless its proteolysis by trypsin is enhanced in the presence of organic iodides. Our experiments suggest that the iodides interact with the substrate to produce enhanced susceptibility to proteolytic enzymes.
The highly effective action of iodinated-tyrosine compounds upon the induction of proteolysis within purulent sputum ( 
Summary
Iodides were found to induce proteolysis in purulent sputum from patients with cystic fibrosis and other forms of respiratory disease. Proteolysis was shown to be enzymatic in nature and to depend upon the presence of natural leukocytic proteases or an added protease such as trypsin. The reaction was inhibited by conditions that inhibited the proteolytic enzyme. Naturally occurring iodinated thyroidal compounds were much more effective for inducing proteolysis than were the inorganic iodides. The L-isomers of these thyroidal compounds promoted a higher rate of proteolysis than did the D-isomers, when intact cells were present in the sputum preparation.
The question is raised as to whether thyroxine and its precursors affect proteolysis in vivo in cellular metabolism. The possible clinical use of iodinated tyrosine compounds is suggested for thinning viscid purulent respiratory secretions.
